The oxidation behavior of Si nanowires (SiNWs) grown by the gold (Au) catalyzed vapor-liquid-solid (VLS) growth process in an electron beam evaporation (EBE) reactor is studied. The VLS SiNWs exhibit hexagonal shape with essentially {112} facets where each facet shows a saw-tooth faceting itself, consisting of alternating {111} and {113} facets. Depending on growth temperatures (450-750
Introduction
Semiconductor nanowires in general and in particular those grown bottom-up by the vapor-liquid-solid (VLS) process [1] have been the subject of intense research due to their potential applications in electronic, optoelectronic and sensor devices [2] [3] [4] [5] [6] . In particular, silicon nanowires (SiNWs), which may be even partially oxidized, are considered as active device channels in future microelectronics technology generations [7, 8] as light absorbers, guiding agents and emitters, e.g. in solar cells, waveguides and LEDs [9] [10] [11] [12] [13] [14] , and as a large surface vehicle for further functionalization in the sensor field [15] [16] [17] [18] . For all these devices, the interface properties between the SiNW core and the SiO 2 shell (either native or thermally grown oxide) are of key importance for device functioning. For VLS SiNWs the additional important question arises as to where and how much gold (Au) from the catalyst particle, which initiates the VLS wire growth [1] , resides in the SiNW itself and at its surface and where does it go upon annealing/oxidation under different annealing conditions. Gold (Au) as a catalyst is widely used due to the following advantages: the stable growth window is rather Ostwald ripening effect observed in SEM micrographs: (a) Au diffusion between neighboring SiNWs from the smaller to the larger one and (b) as a result of gold diffusion on the NW surfaces, thinner NWs completely lost their Au droplet and crystallographically governed growth of 3D structures started out from the bare NW tips; these thinnest NWs with ultimately no Au droplet and instead crystallographic 3D silicon nanostructures atop are circled [28] .
wide, the eutectic temperature of Au-Si that determines the minimum growth temperature is rather low (370
• C) and Au nanoparticles can easily be realized lithographically. However, the enormous impact that even the smallest concentrations of Au as a dopant in silicon have on the electronic properties of the SiNWs makes it essential to understand the extent to which Au atoms diffuse in the SiNW and Si(111) substrate and stay incorporated there and on the SiNW surface [19] . Essentially, it has been shown that the Au from the catalyst is very mobile and diffuses all over the SiNW surfaces and between SiNWs at temperatures as low as 600
• C, leading to Ostwald ripening of Au nanoparticles at the sidewalls and even for the NW top Au droplet [20] [21] [22] [23] . In this paper we report on annealing studies of SiNWs grown by EBE [24, 25] that have the growth-catalyzing Au droplet atop during oxidation. For diameters above about 100 nm, these VLS SiNWs typically grow perpendicular to the [111] direction for this being the Si substrate normal with hexagonal cross sections and typically {112}-type side facets [26, 27] . We describe SiNW growth following the VLS mechanism [1] catalyzed by a liquid gold (Au) droplet that forms when annealing a thin Au layer on the Si(111) substrate [24, 25] . The distribution of Au during growth and during oxidation of the SiNWs will be described and the role of Au in the morphological development of the oxidized core/shell (Si/SiO 2 ) and silica nanowires will be discussed. Our experiments suggest a model of how silica NWs form from the original SiNWs and how the silica as well as core/shell (Si/SiO 2 ) NW morphology develops under different experimental annealing/oxidation conditions. Moreover, the role of gold in the formation of core/shell and silica NWs is discussed based on extensive scanning electron microscopy (SEM) and transmission electron microscopy (TEM) studies.
Experimental details
Electron beam evaporation (EBE), a physical vapor deposition method, is carried out in a home-built set-up that has been described in earlier work [24, 25] . In our experiments, we used 25 × 25 mm 2 silicon substrate pieces cut from singleside-polished p-Si(111) wafers. A 2 nm thick sputtered (Edwards, Sputter Coater S150B) gold layer on the hydrogenterminated Si(111) surfaces was used for the VLS SiNW growth experiments. The gold layer has been annealed at temperatures of 700
• C so that gold droplets form that catalyze the SiNW growth by the VLS mechanism [1] . VLS SiNWs were grown at a constant growth velocity of 45 nm min −1 , a substrate temperature of 550
• C and a deposition time of 5-60 min. For this growth velocity an emission current of 80 mA was used to evaporate the silicon from the target. The SiNWs were annealed in air for 0.5-20 h at temperatures between 100 and 900
• C. All samples are characterized by scanning electron microscopy (SEM) in a JEOL 6400F and transmission electron microscopy in FEI CM200FEG and CM20 machines.
Results and discussion
SiNW growth times were varied between 5 and 60 min. In the deposit grown for 5 min, SiNW diameters and lengths tend not to differ strongly, but a stronger variation in the SiNW diameters and lengths is clearly discernible after longer deposition times (e.g. 60 min), which has been described in our earlier work [25] . The diameter of the NWs is initially determined by the size of the gold droplet on the silicon substrate, which itself depends on the thickness of the sputtered Au starting layer, annealing times and temperatures. The Ostwald ripening effect [20] [21] [22] [23] is responsible for thick NWs to grow thicker and thin NWs to become thinner during the growth process. The re-distribution of Au from the small to the large Au droplet over the SiNW surfaces is responsible for that shape change of NWs. Figure 1 (a) shows an SEM micrograph where the path of Au atom diffusion during Ostwald ripening is indicated by an arrow. For short growth times (5-15 min) in EBE at high emission currents (e.g. 80 mA), the NW diameters show a narrow size distribution, and although NWs are still short they already have the characteristic shape with a straight silicon shaft and hemispherical gold droplets atop the shaft after solidification [25] .
Figure 1(b) shows a comparably large SiNW diameter distribution as a result of effective Ostwald ripening of Au droplets at higher temperatures. Ostwald ripening [23, 28] is a measure to minimize system energy by reducing the surface energy, i.e. it is an energetic effect. The formation of low energy silicon {111} and {113} surface facets in the samples grown at 550
• C was investigated by HRSEM as shown in figure 2 . These NWs show, more than NWs grown at lower temperatures under otherwise identical conditions, the formation of low surface energy silicon facets, i.e. NWs grown at 550
• C reduce their surface energy by forming low energy facets [29] . Also, the SEM and HRTEM investigations show that the SiNWs have a hexagonal shape composed of either all 112 or alternating 112 and 110 facets. Each 112 facet itself is faceted, e.g. by alternating 113 and 111 facets. The faceting of SiNWs was also discussed by Ross et al [30] . The alternation of 113 and 111 facets in silicon when gold is present in the system was discussed by Wiethoff et al [31] .
Faceted SiNW sidewalls are decorated with lens-shaped nanoscopic Au particles (<2 nm) on the 113 facet and a quasi-continuous Au film on the 111 facets as shown in the HRTEM micrograph in figure 3 . The reason for the difference between 111 and 113 facets in terms of Au agglomeration may be that the surface roughness at the atomic scale of both facets is different and the 113 facet is rougher or even stepped when viewing that facet as being formed by 111 facets that are connected by monatomic 110 facets [32] . Figures 1-3 show an oblique SEM micrograph of the as-deposited SiNWs used for our oxidation studies. The silicon oxide morphologies and shapes obtained during the thermal oxidation of SiNWs will be further discussed in detail. As pointed out before, the SiNWs grow epitaxially and perpendicular to the Si(111) substrate surface. Annealing at 300
• C < T < 800
• C for 1 h in air yields the formation of a silica shell around the silicon NW shafts while the Au droplet stays atop the SiNW as shown in figure 4 . The NW shape stays intact for this annealing regime after oxidation.
It is intuitive and reported in the literature that the higher the annealing temperature and the longer the annealing time is the thicker the oxide shell on the SiNW surface forms [33, 34] . Figure 4(a) shows as an example an SEM micrograph of in-air oxidized SiNWs using annealing at 800
• C for 0.5 h. Figure 4 (b) shows a cross-sectional TEM micrograph of the same sample. Based on these micrographs it becomes obvious that the silica shell atop the Au droplet is thicker compared to the silica shell on the SiNW sidewalls. This finding can be interpreted as gold-enhanced oxidation that has been reported already for bulk silicon [35, 36] . Up to this point our experiments corroborate findings from other groups that presented oxidation experiments of SiNWs grown by chemical vapor deposition or by molecular beam epitaxy [33, [37] [38] [39] .
Annealing for longer times, i.e. t > 3 h, at moderate temperatures, e.g. T = 500
• C, shows that the SiNWs can be entirely oxidized, i.e. silica NWs form. The procedure is that the Au droplet, initially atop the NW, moves downwards all the way into or on the original substrate surface, leaving silica NWs behind (i.e. atop).
The mechanism is based on diffusion of the silicon atoms through the Au droplet at its surface where its oxidation takes place, thereby the Au droplet effectively moves downwards. Some spherical Au particles stay within the silica NW centers. Contrary to what theoretical calculations state that a selflimited oxidation [40, 41] keeps NWs from entirely oxidizing, we observe complete SiNW oxidation, yielding silica NWs after all sorts of different annealing procedures. The argument for limited oxidation of SiNWs was that compressive stresses that build up in the silicon during the oxidation process eventually grow as much as needed to keep the silicon core of the partly oxidized NWs from further complete oxidation. Experiments show that complete NW oxidation requires longer oxidation times, as shown in figure 5 , and can take place even at moderate temperatures T < 800
• C, e.g. T = 500 • C. Due to the direct contact of the Au/Si eutectic droplet with the SiNW core the oxidation is drastically enhanced by the presence of the Au droplet so that the thickness of the silicon oxide is far higher atop there. As a result the oxidation of SiNWs can proceed very fast compared to bulk silicon. At higher temperatures, T > 800
• C, and longer oxidation times, e.g. t > 3 h, not just complete oxidation of the NWs (i.e. silica NW formation) was observed, but a different oxidation mechanism mediates the formation of segmented silica NWs, which will be presented and discussed in the following. Figure 6 shows SEM and TEM micrographs of the NWs after annealing in air at 900
• C for 3 h. Similar to the annealing results in air for longer times, e.g. t > 3 h, at moderate temperatures, e.g. 500
• C, it is found that oxidation of the SiNWs is complete and yields silica NWs. Different from annealing at higher temperatures, e.g. > 800
• C, however, at shorter annealing times, e.g. 0.5 h (cf results in figure 4) , it is found that the NW shapes (straight shafts perpendicular to the substrate surface) do not remain intact and thus are unchanged during oxidation. Instead, the NWs grow strongly in length and assume bamboolike shapes while the diameter essentially stays constant. This new NW morphology is visible in the SEM micrographs in figure 6 . A secondary electron microscopy image is shown in figure 6(a) . A backscattered electron image that is strongly dominated by material (Z ) contrast shows the same bamboolike silica NW structure as shown in figure 6(b) with Au droplets which are clearly visible as bright spheres atop the bamboo-like structures.
A TEM study (cf figures 6(c) and (d)) of the bamboo-like structures reveals that the bamboos are essentially amorphous silica; they do not contain a silicon core anymore and they show a gold droplet atop. From figure 6(c) we deduce that the silicon substrate surface is oxidized ∼500 nm deep. The bamboo-like silica NWs are segmented, with the segments being of roughly equispaced lengths of ∼1-2.5 µm.
Based on the SEM and TEM results the formation mechanism of amorphous silica NWs can be sketched as shown in figure 7.
Step I shows grown SiNWs as they turn out after VLS growth by EBE on Si(111) substrates. The NWs grow straight and perpendicular to the (111) substrate surface and show the Au droplet at the NW top as well as tiny gold particles (agglomerates) distributed on the NW facets (deduced from HRTEM investigations of the SiNW surfaces (cf figure 3) ). In • C for 0.5 h. The gold agglomerates at the SiNW/silica shell interface are clearly visible and the oxidation rate at these points is much higher than in places where gold is not presented. Table 1 . The summarized overview of the different silica or core/shell nanowire morphologies and shapes obtained during annealing in air at different annealing temperatures and times.
Annealing conditions
Silica NW morphology NW Shape 300 Step II, after annealing of the SiNWs at elevated temperatures > 800
• C for more than 0.5 h, gold atoms and nanoparticles on the NW surfaces agglomerate into larger Au particles that reside at the interface between the growing oxide (silica or SiO 2 ) and the silicon NW shaft, as is clearly visible in figure 8 .
As a result of the oxidation process, the silicon core shows shrinking diameter and length and a growing silica shell. As a result of the interfacial (Si/SiO 2 ) Au agglomerates, stresses most probably occur in their vicinity at the nanometer scale. These stresses turn eventually upon continuous oxidation so high that they lead to periodic cracking in the silica shell at the nanometer scale. The stresses are probably different on, for example, {111} and {113} facets, i.e. they are anisotropic, so that crack formation is related to alternating facets and is thus periodic and can account for the formation of the bamboolike silica structure that is a result of segmented oxidation leading to segment widths of 1-2.5 µm. The dimension of silica segments in the oxidized structure is normally different comparing to native SiNW facets as was pointed out in figure 3 . The dimension of silica blocks in the oxidized structure is a result of random agglomeration of gold nanoparticles (local concentration of Au on sidewalls) as shown in figure 8(b) . The segments are most probably terminated by two cracks each. The mechanism of stress formation during oxidation is highly dependent upon the relative degree to which volume expansion occurs normal to and in the plane of the oxidation front. Most models of silicon oxidation [42] [43] [44] are based upon the fact that essentially all of the volume expansion takes place normal to the oxidation front, and this fact is the basis for large-scale numerical modeling of silicon oxidation [45] [46] [47] . In the case no expansion took place parallel to the oxidation front, there is no reason for stress formation along the oxidation front. In our case, during SiNW oxidation, the oxidation front is not planar and homogeneous due to the Au nanoparticles at the oxidation front that are responsible for alternating oxidation velocities along the SiNW surface at the nanometer scale. In places where Au particles reside, the oxidation velocity is supposed to be higher than in places without Au particles, i.e. oxidation on {113} facets with Au particles is faster than on {111} facets where only a continuous monatomic Au layer is present. In addition, for oxidation of planar silicon wafers it has been reported that any curvature of the wafer leads to a modified oxidation process such that increasing curvature leads to increasing oxidation velocity [48, 49] . The curved interface of the NW and the additional curvature at the nanometer scale is due to the Au particles at the NW surface. Alternating and overall in-plane compressive stresses are expected to reside in the SiO 2 film and at the interface. During the oxidation process this leads to a large volume expansion (the volume of a molecule of SiO 2 is approximately 2.3 times larger than that of a silicon atom) which, however, is affected by large mechanical stresses of the order of hundreds of MPa that accompany the particular oxidation process of NWs [50] [51] [52] [53] . The diffusion of the oxygen atoms through the silica (SiO 2 ) film may be affected by locally largely varying stresses as well as the chemical reaction at the Si/SiO 2 interface [51, 54, 55] . Thus, as a result of such a stress-affected oxidation process, the formation of silica bamboo-like structures can be observed in the high temperature annealed SiNW samples.
Conclusions
In summary, silica (SiO 2 ) NWs with a bamboo-like structure form from initially VLS epitaxially grown SiNWs with [111] growth direction by annealing in air at T 800 • C for longer annealing times, e.g. 1 h. Table 1 shows the summarized results of the thermal oxidation experiments on SiNWs.
Our results strongly suggest that the silica NWs with a particular bamboo-like shape are a result of high stresses and related to nanocrack formation that occur and alternate at the nanometer scale and thereby affect diffusion of silicon atoms through the growing oxide layer and affect the overall oxide formation process at the nanoscale. The alternating stresses are a result of locally varying curvatures at the SiO 2 /Si NW interface as mediated and dominated by the Au nanoparticles that form at that interface upon annealing, however, not homogeneously but differently on different side facets of the NW. The {113} silicon side facet hosts Au nanoparticles while the {111} facet contains only an atomically thin Au layer. The gold-enhanced diffusion and oxidation affects the oxidation of the NWs that differs on different facets, thereby creating stresses parallel to the oxidation front.
